Cardiovascular disease is the leading cause of death in general population. Besides well-known risk factors such as hypertension, impaired glucose tolerance and dyslipidemia, growing evidence suggests that hormonal changes in various endocrine diseases also impact the cardiac morphology and function. Recent studies highlight the importance of ectopic intracellular myocardial and pericardial lipid deposition, since even slight changes of these fat depots are associated with alterations in cardiac performance. In this review, we overview the effects of hormones, including insulin, thyroid hormones, growth hormone and cortisol, on heart function, focusing on their impact on myocardial lipid metabolism, cardiac substrate utilization and ectopic lipid deposition, in order to highlight the important role of even subtle hormonal changes for heart function in various endocrine and metabolic diseases.
Introduction
Heart failure is one of the leading causes of death in the general population, making it to an important medical and socioeconomic burden (1) . In the United States of America, one of nine death certificates mentioned heart failure in 2009. In contrast to the overall rate of death attributable to atherosclerosis and cardiovascular disease (CVD), which is constantly declining within the past 10 years, no improvement could be observed for death from heart failure (2) . Furthermore, heart failure with preserved ejection fraction (HFpEF) has been accepted as an own condition, being linked to metabolic rather than atherosclerotic disturbances, further indicating the importance of considering metabolic changes in the development of heart failure.
Besides well-known cardiovascular risk factors including hypertension, dyslipidemia, smoking and impaired glucose tolerance, all promoting development of atherosclerosis, there is growing evidence suggesting that hormonal changes in various endocrine diseases also impact the cardiac morphology and function. We and others have demonstrated the importance of a well-balanced hormonal and metabolic homeostasis to maintain myocardial energy metabolism so that heart function can adapt adequately to situations of increased cardiac stress.
In this review, we aim to overview the influence of hormones on heart function, focusing on their impact on myocardial lipid metabolism, cardiac substrate utilization and ectopic lipid deposition, in order to highlight the important role of even subtle hormonal changes for heart function in various endocrine and metabolic diseases. the energy used by the myocardium is derived from betaoxidation of fatty acids (FAs). FA uptake by the heart is primarily determined by circulating levels of plasma free FA that enter the myocardium by passive diffusion and by active FA transport proteins (5) . In the resting state, approximately 70-90% of FA entering cardiomyocytes are rapidly used for ATP synthesis (6) , whereas only 10-30% of FA are stored in the intracellular myocardial lipid (MYCL) pool. MYCL can be used as a readily available source of energy and are conversely related to circulating levels of free FA (7) .
Only 10-40% of cardiac energy demands is covered by pyruvate oxidation derived from glycolysis and lactate oxidation under physiological conditions (8) . Glucose transport into the myocardium is mediated by glucose transporters (GLUT), mainly GLUT-4 and to a lesser extent GLUT-1. Expression of GLUT-4 is stimulated by insulin and activation of AMP-activated protein kinase (AMPK) due to cardiac stress (9) . Similar to free FA, an overload of carbohydrates can be stored as glycogen in the myocardium, but glycogen stores in the heart are rather small, compared to that in skeletal muscle (10) , indicating that intracellular lipid stores might play more important role in states of increased energy demands.
As reported by Randle and coworkers in the early 1960s, fluxes of FA and glucose strongly interact with each other. Competition between free FA and glucose as substrates for mitochondrial oxidation in skeletal muscle (11, 12) was observed. This is also true for the myocardium, where the rate of FA oxidation is the main regulator of glycolysis and vice versa (5) .
With regard to cardiac lipid storage, MYCL presents an important substrate pool to maintain energy metabolism in conditions of increased need in cardiac stress (5) . Additionally, energy turnover and metabolism of MYCL is very flexible and can rapidly adapt to changes in circulating substrates. Depending on the duration and severity of caloric restriction, elevated circulating levels of FA concentration during prolonged fasting induces an increase in MYCL (13) , whereas the decline in plasma FA after pharmacological inhibition of adipose tissue lipolysis was accompanied by an approximate 50% decrease of MYCL content in young, lean, insulin sensitive subjects (14) . These changes in intracellular lipid stores are associated with altered heart function, since increased MYCL stores were linked to decreased left ventricular (LV) diastolic function during prolonged starvation (13) and acutely decreased MYCL content was accompanied by a reduction in systolic LV heart function (14) .
Tracer studies demonstrated approximately 80% decreased uptake of free FA into cardiomyocytes after the inhibition of adipose tissue lipolysis, followed by a six-fold increased glucose uptake that compensates for the lack of energy due to the reduced beta oxidation (15) . However, these adaptive changes seem to be insufficient to acutely cope with cardiac energy requirements, since they are associated with decreased cardiac output.
Besides, also under the suppression of circulating levels of free FA by combined hyperglycemia and hyperinsulinemia, MYCL increases (16), most likely due to direct insulin-stimulated inhibition of lipid oxidation (17) or due to the competition with increased intramyocardial glucose supply.
Nowadays, MYCL can be measured non-invasively in vivo in humans by using 1H magnetic resonance spectroscopy ( 1 H MRS) as shown in Fig. 1 . This allows repetitive measurements in subjects to assess effects of individual treatment and to track alterations in MYCL following controlled changes in circulating hormone concentrations.
Cardiac steatosis and left ventricular heart function
Despite the importance of MYCL storage for the maintenance of heart function in situations of increased cardiac energy demand and quick adaption to fluctuating concentrations of circulating substrates, excessive ectopic lipid deposition results in cardiac steatosis followed by fibrosis and LV diastolic dysfunction due to glucolipotoxicity (18) . Because of an imbalance in substrate uptake and availability to the cell and substrate oxidation in the cell, there is an accumulation of non-oxidative intermediates of FA metabolism in the cardiomyocytes, resulting in cardiac steatosis (19) . Accumulation of toxic lipid intermediates, particularly diacylglycerol and ceramides, induces oxidative stress, increases production of reactive oxygen species (ROS) and results in oxidative damage of cellular membrane integrity, organelle dysfunction and dysregulation of gene expression (20) . Animal models impressively demonstrate the importance of a well-balanced interplay between lipid storage and lipolysis in cardiomyocytes, since mice lacking adipose triglyceride lipase (ATGL) develop extreme forms of cardiac steatosis, myocardial hypertrophy and die early from LV heart failure (21).
In humans, increased MYCL deposition and cardiac steatosis is independently associated with impaired LV diastolic heart function in patients suffering from type 2 diabetes mellitus (T2DM) (22, 23) . Furthermore, even in the absence of comorbidities such as hyperglycemia and dyslipidemia, obesity is related to ectopic lipid accumulation in the heart and diastolic dysfunction (24, 25) . Additionally, MYCL is increased in elderly men and closely correlates with the age-related decline in diastolic heart function (26).
Additionally, not only MYCL, but also pericardial fat might be important in the development of heart failure. In metabolically healthy subjects, pericardial fat, but not MYCL, is associated with LV systolic function. Stroke volume and cardiac output both correlated significantly with pericardial fat, whereas no relationship with MYCL could be found (27) . In addition, increased epicardial and pericardial fat is linked with changes in heart function in men suffering from metabolic syndrome (28) , as well as in obese patients suffering from insulin resistance (29) . Of note, MYCL and pericardial fat are two lipid stores of completely different origin, since pericardial fat reflects thoracic visceral obesity, but not ectopic intracellular lipid accumulation ( Fig. 1) .
Finally, it is important to emphasize that ectopic fat as such does not inevitably relate to impaired energy metabolism, but that it plays a role in substrate delivery during conditions of increased energy demands either. This is highlighted by the athlete's paradox in skeletal muscle, since ectopic lipids are similarly high in patients with T2DM and endurance-trained athletes and are elevated compared to that in lean controls (30) . Of note, metabolic features of fat mass in skeletal muscle were completely different between the groups of patients with T2DM and athletes, since in insulin sensitive trained subjects no association between insulin sensitivity and amount of lipids was observed (30) .
There are some hypotheses trying to explain the athlete's paradox. One might be individual cellular oxidative capacity and mitochondrial activity. Studies on offsprings of patients suffering from T2DM showed that impaired mitochondrial activity might be one of the initial defects in the development of insulin resistance. Whether lipids accumulate in ectopic fat depots, where they exert lipotoxic effects, or whether they are used immediately as substrates for lipid oxidation in cases of increased energy demand, might be mediated by mitochondrial activity (31, 32) .
Another factor contributing to the athlete's paradox might be the availability of acetylcarnitine and the role of carnitine metabolism in fatty acid oxidation. Recent studies using 1 H MR spectroscopy elegantly demonstrated a tight relationship between acetylcarnitine concentration and insulin sensitivity. Additionally, endurance trained athletes had significantly higher formation of acetylcarnitine compared to patients with T2DM, despite similar ectopic fat mass (33, 34) . However, it has to be established if these changes in carnitine metabolism are cause or consequence of impaired insulin action and insulin resistance. Based on this evidence, it is important to emphasize the crucial interplay between cardiac morphology, cardiac energy metabolism and cardiac function, since all these three parts of the human heart actively influence each other under physiological conditions, as well as in various metabolic and endocrine diseases. However, up to now no proof of a clear direct causal role of MYCL in heart failure exists and interventional studies showing benefits following reduction of MYCL are missing.
Insulin
Most data and evidence on the important role of hormones for cardiac energy metabolism are on insulin. The dramatically growing incidence of T2DM in industrialized countries is accompanied by an increase in diabetic cardiomyopathy (CMP), which is characterized by impaired LV function in the absence of coronary artery disease or hypertension and cardiac steatosis is an important player in its development (extensively reviewed in (35, 36, 37, 38, 39) ). Effects of insulin on MYCL are in parts due to its action on FA and regulation of lipolysis and intracellular triglyceride synthesis. However, in the absence of circulating FA, an increase in insulin levels due to hyperglycemia induced by a constant glucose infusion significantly increased MYCL in healthy subjects (16) . These changes were accompanied by a marked increase in systolic LV function, since insulin is a potent activator of sympathetic nervous system (40, 41) .
Similarly, initial phase (10 days) of intensive insulin therapy in patients suffering from T2DM inadequately controlled by oral glucose lowering therapy lead to the rise in MYCL and a significant rise in myocardial mass by approximately 80% (42) . This is most likely mediated by increased myocardial glucose uptake due to promoted translocation of GLUT4, inducing a switch in substrate utilization from FA to glucose. This pathway is regulated mainly by malonyl-CoA, which is generated by acetyl-CoA carboxylase (ACC) and inhibits carnitine palmitoyltransferase-1 (CPT-1) (17). CPT-1 controls the rate-limiting step of mitochondrial FA uptake and oxidation. Additionally, insulin exerts a direct stimulatory effect on ACC and thereby potently suppresses mitochondrial lipid oxidation in the presence of hyperglycemia, promoting ectopic lipid deposition in the heart (18) . Similar effects following insulin administration could be observed in other insulindependent organs, since initiation of constant insulin infusion and normoglycemia lead to significant increases in ectopic lipid deposition in skeletal muscle and in the liver of patients suffering from T2DM (43) .
Interestingly, insulin resistance as such is not associated with increased MYCL deposition (44) , which stands in sharp contrast to the liver (45) and skeletal muscle (46) . Therefore, insulin resistance is not causal for ectopic fat accumulation in the heart, but cardiac steatosis in T2DM might represent a final stage after long-standing derangement of glucose and lipid metabolism. In contrast to the myocardium, impaired action of insulin to regulate glucose and lipid homeostasis in the liver and skeletal muscle and ectopic lipid deposition in these organs present the initial steps in the development of insulin resistance. This interorgan crosstalk between the liver, skeletal muscle, adipose tissue and the heart, as well as different steps in the development of cardiac steatosis on the background of insulin resistance and substrate FA availability are illustrated in Fig. 2 .
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Thyroid hormones
Thyroid hormones exert effects virtually on every organ system, including the heart. Cohort studies based on large population impressively emphasize on the relationship between disturbances in thyroid function and a greater risk of clinical manifestation of heart failure in patients with thyroid stimulating hormone (TSH) <0.1 or ≥10 μU/ mL (47) . Especially in patients suffering from congestive heart failure, both subclinical hypothyroidism and overt hypothyroidism are associated with increased mortality (48) . The same is true for patients hospitalized for acutely decompensated heart failure, in which subclinical hypothyroidism, but not subclinical hyperthyroidism independently predicts adverse cardiovascular outcomes, including cardiac death and re-hospitalization for heart failure (49). Hemodynamic changes in hypothyroid patients include bradycardiac heart rate and therefore reduced cardiac output, increased vascular resistance and reduced diastolic filling rates (50) . Even in patients suffering from only subclinical hypothyroidism parameters of LV diastolic function are impaired and tend to normalize compared to matched euthyroid controls 6 months after adequate thyroid hormone replacement therapy (51) .
Hypothyroidism is linked to alterations of lipid metabolism. This includes elevations in low-density lipoprotein (LDL) cholesterol, as well as decreased highdensity lipoprotein (HDL) cholesterol levels, which tend to normalize following thyroxin supplementation (52) . These changes are due to important effects of thyroid hormone on several key enzymes of lipid metabolism (53) and result in a significantly increased risk for cardiovascular diseases in hypothyroid patients (54) .
Thyroid hormones stimulate energy expenditure by promoting mitochondrial uncoupling and inducing thermogenesis in humans (55) . Additionally, animal models nicely demonstrate that tri-iodothyronine (T3) directly acts on free FA uptake and oxidation in the myocardium (56) . Decreased rates of whole-body energy metabolism in hypothyroid state result in reduced lipid oxidation, despite unaltered adipose tissue lipolysis (57) .
The combination of increased substrate supply through elevated circulating levels of lipids and decreased lipid oxidation could be linked to decreased MYCL stores in patients suffering from overt hypothyroidism by approximately 30%, 4 weeks after total thyroidectomy for differentiated thyroid cancer, when thyroid function was adequately substituted. These changes in ectopic fat accumulation were accompanied by a significant improvement of cardiac output (58) .
Interestingly, also cardiac bioenergetics estimated by the rate of ATP synthesis from phosphocreatine was different even in subclinical hypothyroidism and improved with therapy, approaching matched controls (59) . Effects on ATP synthesis might be secondary to cardiac steatosis, probably mediated by cardiac lipotoxicity, since at least in skeletal muscle thyroid hormones were shown Figure 2 Inter-organ crosstalk in the development of cardiac steatosis and left ventricular (LV) heart failure on the background of insulin resistance. Decreased insulin sensitivity leads to (A) impaired glycogen synthesis in skeletal muscle, promoting hyperglycemia; (B) unrestrained hepatic lipogenesis and gluconeogenesis, promoting hyperglycemia and dyslipidemia; and (C) augmented lipolysis in adipose tissue, promoting dyslipidemia; increased concentrations of insulin, glucose and free fatty acids (FAs) results in increased lipid accumulation in the myocardium and cardiac glucolipotoxicity, which ends up in LV heart failure.
not to directly increase ATP synthesis, but drive energy turnover by mitochondrial uncoupling and increased thermogenesis (55) .
Therefore, similar to diabetic CMP, also in hypothyroid subjects impaired lipid metabolism and mitochondrial dysfunction within the heart might play an important role for the development of disease-specific heart failure. Thus, thyroid function should be assessed in subjects with cardiovascular and metabolic diseases, although data of large long-term prospective studies on the impact and benefit of thyroid hormone replacement therapy are conflicting (60) .
Moreover, hyperthyroidism and activation of the sympathetic nervous system share many cardiostimulatory effects including tachycardia and increased contractility resulting in an increase in metabolic demand. Recent evidence suggests that 3-iodothyronamine, which is a decarboxylated derivative of T4, modulates activation of alpha-2A-adrenergic receptors by norepinehprine (61) . Additionally, various components of the beta-adrenergic receptor are modulated by thyroid hormone activity (50) . However, studies on betaadrenergic receptor knock out mice could not confirm differences of thyroid hormone action compared to that in wild-type mice (62) . Therefore, thyroid hormones might exert their effects on the heart also independently of adrenergic stimuli.
Growth hormone
Metabolic disturbances in patients suffering from excessive production of growth hormone (GH), termed acromegaly, seem to be similar to those in the insulin resistant state, i.e. hyperglycemia, hyperinsulinemia and hypertriglyceridemia (63) . Conversely, untreated GH deficiency is also closely related to multiple features of the metabolic syndrome, including visceral obesity, hypertension and dyslipidemia (64) .
Recent evidence suggests that biological effects of GH on substrate metabolism through direct or indirect stimulation of production of insulin-like growth factor1 (IGF-1) are complex. GH is directly acting as a strong promoter in lipolytic signaling (65) . In contrast, GH might also promote lipid synthesis and storage by induction of IGF-1, which stimulates the insulin-signaling pathway (66) .
In adipose tissue, GH is an important mediator of lipolysis and directly acts on hormone sensitive lipase and enhances the responsiveness for beta-adrenergic activity, which might explain higher plasma TG concentrations, observed in patients with acromegaly (63) .
Besides these metabolic effects counteracting insulin action and promoting the development of insulin resistance, GH and IGF-1 are both reported to increase mitochondrial oxidation capacity in animal models, as well as in humans and therefore promote wholebody energy expenditure. The hepatic fat content and plasma lipid concentration decreased significantly after supplementation of GH in GH-deficient mice, secondary to improved mitochondrial function and reduced oxidative stress (67) . In young healthy subjects, overnight infusion of GH promotes mitochondrial ATP production in skeletal muscle (68) and GH-deficient subjects exhibit an increase in lipid oxidation rates after supplementation of GH (69) .
Besides these effects that contribute to a proatherosclerotic background in GH excess and GH deficiency and therefore passively promote the development of cardiovascular disease, cardiomyocytes directly express receptors for GH and IGF-1. Stimulation of these receptors induces cardiac hypertrophy and affects cardiac contractility (70) .
Based on this background, it is of considerable interest that ectopic lipid deposition in insulin-sensitive organs (liver, heart) was lower in patients suffering from active acromegaly compared to well-matched healthy controls. Notably, hepatic lipid content was substantially lower in patients with acromegaly, who suffered from severe insulin resistance or even T2DM, compared to metabolically healthy controls. Moreover, MYCL stores were reduced in acromegaly and tended to reach statistical significance (P = 0.053) compared to the control group. Therefore, GH excess presents a unique condition of low ectopic lipid content, despite hyperlipidemia, hyperinsulinemia and hyperglycemia (71) .
It remains to be investigated whether this is due to increased lipid oxidation promoted by GH and IGF-1 or due to alterations in hepatic lipid metabolism, i.e. de novo lipogenesis and lipolysis.
With regard to cardiac morphology, LV myocardial mass, wall thickness and LV end-diastolic volume was significantly greater in active acromegaly compared to healthy controls and significantly decreased tending towards normal values in a short-term follow-up for about 6 months after the cure of GH excess by pituitary surgery (71) . However, these alterations were not related with metabolic alterations or increased ectopic lipid accumulation, which stands in contrast to observed changes in morphology of the heart in patients suffering from T2DM and hypothyroidism.
Cortisol
Death from cardiovascular disease, including heart failure, coronary artery disease and cardiac thromboembolism, is the leading cause of increased mortality observed in patients suffering from Cushing's syndrome. Even in long-term follow-up many years after complete cure of hypercortisolism, cardiovascular risk is still increased (72) . In parts, increased cardiovascular mortality is mediated due to common metabolic risk factors of atherosclerosis, including visceral obesity, hypertension, dyslipidemia and insulin resistance or even T2DM. Data of cross-sectional studies indicate that more than two of three patients suffering from Cushing's syndrome have at least three of these metabolic derangements and therefore fulfill the criteria of metabolic syndrome (73) . These risk factors are still significantly elevated 1 and 5 years after the successful cure of hypercortisolism, accompanied by increased prevalence of atherosclerotic plaques, reduced caliber and increased stiffness of the carotid artery assessed by echoDoppler ultrasonography (74, 75) . Besides these metabolic complications described above, which accelerate the development of atherosclerosis and coronary artery disease, also cardiac morphology and function is altered in Cushing's syndrome, tending to normalize after correction of hypercortisolism (76) . In case control studies of patients with Cushing's syndrome, the prevalence of LV hypertrophy assessed by echocardiography was about 70%. Interestingly, these changes were independent from hypertension and dyslipidemia, since no difference could be found compared to matched controls (77) . Abnormalities in LV morphology are associated with a decrease of mid LV systolic function and alterations of diastolic filling (78) . These echo-based findings were recently confirmed by studies using cardiac magnetic resonance tomography, where LV mass was significantly increased in patients suffering from Cushing's syndrome and reduced by 17% in a follow-up investigation 6 months after the treatment. Interestingly, also LV systolic function as assed by ejection fraction improved significantly after the therapy (76) .
Of note, it is unclear why there is hypertrophy of cardiomyocytes, despite the background of generalized muscular atrophy observed in hypercortisolism due to enhanced protein catabolism. Glucocorticoid receptors are expressed in the heart (79, 80) , therefore excess of cortisol might exert direct effects on myocardial tissue. Additionally, cortisol potentiates action of catecholamines and the renin-angiotensin system in the heart and might indirectly mediate cardiac toxicity (78) .
On the background of several metabolic comorbidities in Cushing's disease including dyslipidemia and the high prevalence of T2DM, it is tempting to speculate about glucolipotoxic effects on the heart, although no data on ectopic lipid accumulation in the heart in endogenous hypercortisolism is available. At least in skeletal muscle, short-term hypercortisolism by oral hydrocortisone administration for 28 days almost doubled intramuscular triglyceride concentrations and significantly worsened insulin sensitivity (81) , although effects observed in this study cannot be attributed only to hypercortisolism, since subjects had to concomitantly adhere to strict physical inactivity. Additionally, hepatic steatosis is common in patients with Cushing's disease (82) . Fatty liver disease was shown to affect myocardial energy metabolism in young non-diabetic men (83) . In patients suffering from hepatic steatosis and T2DM, signs of LV diastolic function could be detected earlier compared to patients suffering from only T2DM (84) .
We suggest that adverse metabolic effects of ectopic fat accumulation in insulin-sensitive organs including the heart are also present in overt hypercortisolism. However, studies testing this hypothesis as well as studies on MYCL in Cushing's disease are not available yet.
Conclusions and outlook
Subtle subclinical and overt endocrine diseases affect cardiac fat depots in many ways (Table 1) . Excess hormone in various endocrine diseases results in altered myocardial lipid accumulation and energy metabolism, which might result in disease-specific cardiomyopathy. These alterations in ectopic lipid load of the myocardium might be in parts secondary to dyslipidemia, commonly present in insulin resistance, hypothyroid state or hypercortisolism, but are also observed in the absence of elevated circulating levels of free FA. There is a reduction in ectopic lipid content despite elevated circulating levels of lipid in GH excess, highlighting the potency of hormonal action itself. However, long-term prospective cohort studies on the effects of changes in cardiac lipids on cardiovascular morbidity and mortality are missing. Furthermore, it cannot be concluded if excessive MYCL as such is causally related to cardiomyopathy in endocrine disease or if alterations in fat depots of the heart are secondary failures.
Another question to be addressed in the future is if novel drug approaches for metabolic diseases, such as sodium-glucose-transporter-2 (SGLT-2) inhibitors or glucagon-like-peptide-1 (GLP-1) analogs that improve cardiovascular outcome in patients suffering from T2DM (85, 86) , exert parts of their beneficial effects by affecting cardiac lipid deposition.
In general, changes in cardiac fat, function and morphology might be used as an important outcome parameter in the assessment of excess hormone and individual treatment response, since they are highly sensitive and differences can be observed within a short period.
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